Abstract: Fixed-dose combination topical therapy with corticosteroid and vitamin D analog provides effective treatment and possible long-term management of psoriasis. The anti-inflammatory and immunomodulatory effects of corticosteroids and vitamin D analogs in treating psoriasis are well investigated; their complementary effects lead to the disruption of the inflammatory feedback loop underlying psoriasis pathogenesis. Recent preclinical data showed that combination therapy is more effective than monotherapies of the active ingredients in preventing activation of resting pro-inflammatory cells, inducing immunomodulation, reducing inflammatory responses by regulating T cell production, and normalizing keratinocytes. The increased understanding of the mechanism of action of fixed-dose combination therapy from preclinical studies is supported by several clinical studies. As the efficacy of topical therapy is correlated with the skin penetration of the active ingredients, new drug delivery systems have been developed. The fixed-dose combination Cal/BD aerosol foam creates a modified supersaturated formulation when applied to the skin, which is maintained for at least 26 h in the laboratory setting. Clinical studies have demonstrated superior efficacy of fixed-dose combination calcipotriol (Cal) 50 lg/g and betamethasone dipropionate (BD) 0.5 mg/g aerosol foam compared with monotherapies of
INTRODUCTION
Plaque psoriasis is a chronic, inflammatory, immune-mediated skin disorder characterized by recurrent itchy, scaly, erythematous plaques [1] . The burden of psoriasis on a patient's quality of life (QoL) may be considerable; this burden is not only physical (e.g., painful and debilitating effects of plaques), but also psychologic, with effects including depression, alexithymia, coping with feelings of stigmatization, and suicide ideation [2] . Topical treatments containing corticosteroids and vitamin D analogs, used separately, together, or in a fixed combination, are essential and well-established first-line treatments for patients with mild-to-moderate psoriasis [3, 4] . Although patients with moderate-to-severe psoriasis are commonly treated with phototherapy and systemic therapies, including biologic agents [5, 6] , the combination of these therapies with topical treatments can help to individually optimize disease control and long-term management [7] .
The increased understanding of psoriasis pathogenesis has provided further insights into therapeutic targets, and new treatments for psoriasis are becoming available [5, 6, 8] . That being said, critical issues related to topical therapies are still unresolved, including the poor treatment adherence due to perceived lack of efficacy and the cumbersome nature of available treatments [9, 10] . Although there are no new compounds available, considerable research has been undertaken for topical treatments to: (1) improve efficacy by enhancing the drug delivery and bioavailability of active ingredients, without compromising safety [11, 12] , (2) enhance the convenience of application, and (3) increase the variety of available formulations [11] . New topical formulations with greater efficacy and more convenient application could lead to better adherence and provide subsequent long-term maintenance of a disease-free state.
This review will examine the anti-inflammatory and immunomodulatory mechanisms of action of fixed-dose combination corticosteroid and vitamin D analog versus monotherapies of the active ingredients, the drug delivery challenges, and the clinical relevance of these data. The article presented here is based on previously conducted studies and does not involve any new studies of human or animal subjects performed by any of the authors.
THE CURRENT UNDERSTANDING OF PSORIASIS PATHOGENESIS
In individuals with a genetic predisposition, environmental factors, such as physical and psychologic stress, may trigger the initiation of psoriasis, beginning with the activation of dendritic cells. The key steps in psoriasis pathogenesis are summarized in Fig. 1 [16, 21, [24] [25] [26] .
Interactions between the keratinocytes and extracellular matrix (ECM) also promote tissue reorganization and the deposition of the ECM [1, 13, 17, 26, 27] . A pro-inflammatory feedback loop is then established among keratinocytes, immune cells, and components of the extracellular matrix (e.g., collagen), leading to sustained, active skin inflammation and subsequent reorganization of the ECM [1, 15, 16] . [16, [28] [29] [30] . Corticosteroids have been used for more than 50 years for the treatment of psoriasis [31, 32] , and their immunosuppressive effects are critical for inhibiting the pro-inflammatory environment and T-cell activation [15] . Vitamin D analogs exert normalizing effects on the hyperproliferation and abnormal differentiation of keratinocytes and also have immunomodulatory effects [15, 28] .
The treatment goal is to clear the psoriatic plaques by inhibiting the underlying inflammation and normalizing skin homeostasis, keratinocyte proliferation, and differentiation and to provide immunomodulation. Combination therapy, unlike monotherapies, has been shown to address all these treatment goals as supported by preclinical data and is further discussed below.
• [17, 27] . Reduction of these pro-inflammatory cytokines can inhibit keratinocyte hyperproliferation and abnormal differentiation.
• Th2-cell cytokine release Although corticosteroids, such as betamethasone dipropionate, suppress IL-10 secretion, vitamin D analogs, such as calcipotriol, induce Th2-cell production ( Fig. 2) [27].
• Keratinocyte pro-inflammatory mediator release Keratinocytes in psoriatic plaques release inflammatory mediators, such as IL-6, IL-8, IL-17C, IL-20, IFN-c, and AMPs, which leads to the initiation of the pro-inflammatory feedback loop. Combination of corticosteroids and vitamin D analogs inhibits all of the aforementioned pro-inflammatory cytokines more than monotherapies of the active ingredients ( Fig. 2 ) [27] . In summary, corticosteroid and vitamin D analog combination therapy inhibits the effects of Th1 and Th17 cytokines in an additive way à Similar results were observed for IL-6, IL-17C, and IL-20 (all P\0.001). BD betamethasone dipropionate, Cal calcipotriol, DC dendritic cells, IL interleukin, KCs keratinocytes, ns not significant Adapted from Lovato et al. [27] c (Fig. 3) . Corticosteroids can also suppress immunomodulatory Th2-cells and IL-10 secretion when used alone [17, 18, 27] ; additionally, altering the Th1/Th2 balance has been suggested to further promote autoimmune reactions [17, 18] . The vitamin D analog calcipotriol complements the effects of corticosteroids by inducing Th2-and T-reg cell production (Fig. 3 ) [17, 27] . Equilibrating the Th1 and Th2 ratio could therefore provide immunomodulation and may prevent rebound [18] , while T-reg cells are central to actively attenuating inflammatory responses via inhibition of effector T-cells (Fig. 3) [1] . The effect of combination therapy on cellular targets in the pathophysiology of psoriasis is summarized in Fig. 4a-d .
Corticosteroid and Vitamin D Analog Combination Topical Treatment May Be Able to Provide Long-Term Management of Psoriasis
Upon clearance of psoriatic plaques and normalization of skin homeostasis, the therapeutic objective shifts to the maintenance of a relapse-free state. Psoriatic inflammation tends to recur in the previously affected skin locations, which may be caused by the expression and reactivation of inflammatory cytokines present in the apparently normalized, plaque-free skin after treatment [34, 35] . New data indicate that combination treatment is able to induce T-reg cells as well as counteract the activation and differentiation of cytotoxic T-cells more effectively than corticosteroids alone [27] . Further clinical studies are required to explore the possibility of combination treatment for the long-term management of psoriasis (see Fig. 4e ). [4, 16, 36] . As the frequency of application of corticosteroids and vitamin D analogs used in combination therapy is lower than in monotherapy [4] , the risk of adverse events associated with monotherapy is reduced [16, 37, 38] .
Long-term continuous use of topical corticosteroid treatment alone can lead to skin atrophy. As a result, the thickness of the skin is reduced and transepidermal water loss increases, causing loss of skin barrier function [37, 39] . Recent studies in cultured skin cells have demonstrated that the addition of calcipotriol reduces the early signs of betamethasone and clobetasol-induced skin atrophy by modulating key ECM components [39] . The effects of corticosteroid, vitamin D analog, and combination treatment during skin atrophy are summarized in Table 1. 3. Calcipotriol induces an immunomodulatory Th2/T-reg cellular response, whereas corticosteroids suppress this effect, and combination treatment yields mild induction. 4. The preclinical results support the superior antipsoriatic effect of corticosteroid and vitamin D analog combination treatment compared with monotherapies. Calcipotriol as monotherapy (50 lg/g twice daily doses) may cause perilesional skin irritation [16, 36] ; however, the addition of a corticosteroid has shown a beneficial effect: a 52-week study demonstrated that daily treatment with Cal/BD ointment (Cal 50 lg/g and BD 0.5 mg/g) significantly reduced the overall number of adverse events-particularly burning, itching, or erythema of the skin-compared with vitamin D analog monotherapy (Cal ointment, 50 lg/g) [40] .
Authors' clinical opinion The improved safety profile of fixed-dose topical combination treatment, together with the once-daily treatment use, offers improved convenience and better acceptance compared with monotherapies [42, 43] . These factors are essential in the therapeutic armamentarium for psoriasis and are likely to facilitate adherence to treatment, which may subsequently lead to faster and greater improvements in patient QoL. 
CHALLENGES OF DRUG DELIVERY IN TOPICAL FORMULATIONS
Poor penetration of active ingredients into the skin can result in low, or lack of, clinical efficacy; therefore, considerable research has been undertaken to improve drug delivery in topical formulations. The ability for an active ingredient to penetrate the skin depends primarily on (1) the condition of the skin barrier, (2) the physicochemical properties of the combined drug and vehicle, and (3) the concentration of active ingredients dissolved into the vehicle. 1. Condition of the skin barrier Skin permeability depends on hydration levels on the outer surface [44, 45] . Occlusion of the skin by plastic wraps, impermeable dressings, or vehicles containing fats or polymer oilssuch as oils, gels, and ointments-are well--known methods to increase skin hydration levels and thus influence the permeability of active ingredients of topical treatments [44] . 2. Physicochemical properties of combined drug and vehicle Physicochemical properties, such as the shape, lipophilicity, viscosity, occlusive properties, charge, and size, of both active ingredients, as well as excipients, influence the partitioning of the active ingredients between the vehicle and skin and their subsequent ability to penetrate the skin [11, 45] . 3. Concentration of active ingredients dissolved into the vehicle The rate of skin penetration is proportional to the concentration of active ingredient dissolved in the vehicle because of the resulting increase in thermodynamic activity [12, 46, 47] . This is a rate-limiting step for most topical treatments, whose active ingredients have limited solubilities in their vehicles. One potential method to enhance the rate of skin penetration is to increase the concentration of active ingredients dissolved in the applied product beyond the normal solubility limit-i.e., to create a supersaturated solution. A recent study demonstrated that a supersaturated environment was created and maintained with Cal/BD when applied as an aerosol foam; this state was created after rapid evaporation of the propellants during application [11] . A supersaturated solution is only clinically relevant if it is stable, as crystallization of ingredients will decrease penetrative properties of the treatment [46] . Results from the same study showed that the supersaturated solution of Cal/BD aerosol foam was maintained in the laboratory setting, post-application, for clinically relevant time periods (at least 26 h in the laboratory setting) [11] , which may explain the observed increase in bioavailability of Cal/BD aerosol foam versus Cal/BD ointment [11] . The superior efficacy of corticosteroid and vitamin D analog combination treatment compared with monotherapy is supported by randomized, double-blind controlled clinical studies [48, 49] . A three-arm, multicenter study demonstrated that fixed-dose combination Cal/BD aerosol foam was significantly more efficacious in improving the mean modified Psoriasis Area and Severity Index score (mPASI; excluding the head, which was not treated) than the individual active ingredients after 4 weeks (P\0.001 versus both Cal foam and BD foam) [48] . These data were supported in a plaque test study where the total clinical score, which measures the changes in erythema, scaling, and plaque thickness, was significantly improved with Cal/ BD foam compared with BD foam after 4 weeks of treatment (P = 0.005) [49] . As well as providing efficient anti-inflammatory effects, the use of vitamin D analogs may also lead to long-term management of psoriasis by inducing immunomodulatory responses. Combination therapy with calcipotriol and betamethasone butyrate propionate ointment was associated with a decrease in T-cell production of the pro-inflammatory cytokines IL-17 and IFN-c, which correlated with a significant improvement in mean PASI score in patients with moderate-to-severe psoriasis [50] .
CLINICAL BENEFITS OF CORTICOSTEROID AND VITAMIN D ANALOG FIXED-DOSE COMBINATION TREATMENT
Authors' clinical opinion Targeting specific molecules involved in the pathophysiology of psoriasis, as observed in fixed-dose combination treatment, results in an early and rapid response. This helps build patient confidence in the treatment and positively impacts QoL and adherence to therapy. These aspects could, in turn, help in developing a mutually trusting and successful patient-dermatologist partnership. Additionally, patients can personally adapt fixed-dose combination treatment during long-term management. For example, in cases of flares, patients can increase the frequency of application and reduce it accordingly once the flare has been controlled.
An Innovative Drug Delivery Formulation Results in Improved Efficacy
A number of studies have demonstrated the superior efficacy of Cal/BD aerosol foam formulation compared with traditional formulations, such as ointments, gels, and lotions (Table 2 ) [49, [51] [52] [53] . For example, in two 4--week Phase II studies, Cal/BD aerosol foam demonstrated significant improvements in mPASI (P = 0.005) [51] and plaque symptom severity (P = 0.038) [49] compared with Cal/BD ointment. In a Phase III study designed to compare Cal/BD aerosol foam and Cal/BD gel based on the recommended US/European treatment periods (4 weeks for Cal/BD aerosol foam, and 8 for Cal/BD gel), significantly more patients treated with aerosol foam than gel had clear/almost clear skin at weeks 4 and 8, respectively (P\0.001; defined as C2 grade improvement according to the Physician's Global Assessment of disease severity) [53] . Results from health-related QoL questionnaires, such as Dermatology Life-Quality Index (DLQI), were also significantly improved with Cal/BD aerosol foam than with Cal/BD gel [52] . Notably, significantly more patients treated with Cal/BD aerosol foam reported that psoriasis no longer impacted their daily lives (i.e., achieved DLQI scores of 0/1) at week 4 compared with patients treated with Cal/BD gel (45.7% vs. 32.4%; P = 0.013) [52] . One aspect of psoriasis that has a strong negative impact on patient QoL is itch [54] . Improvements in DLQI scores after 4 weeks of Cal/BD aerosol foam treatment were significantly correlated with improvements in itch VAS scores [55] . Cal/BD aerosol foam also provided fast and significantly greater itch relief than placebo (P = 0.013 at day 3) [56] . Furthermore, the superior efficacy of Cal/BD aerosol foam is associated with a similar safety profile, as demonstrated in a pooled safety analysis of three clinical studies comparing fixed combination Cal/BD aerosol foam with BD foam, Cal foam, Cal/BD ointment, and vehicles (foam and ointment) [57] .
Authors' clinical opinion Cal/BD aerosol foam treatment can significantly reduce the burden of the disease, as demonstrated by the superior efficacy and ability to provide significant and measurable improvement in QoL compared with conventional Cal/BD formulations, such as gel and ointment. The rapid itch relief associated with Cal/BD aerosol foam is crucial for treatment success as patients perceive itch to be All studies were investigator-blinded BD bethamethasone dipropionate 0.5 mg/g, Cal calcipotriol 50 lg/g, DLQI Dermatology Life Quality Index, EQ-5D EuroQoL-5D-5L-PSO, HRQoL health-related quality of life, mPASI modified Psoriasis Area and Severity Index (excluding the head, which was not measured), TCS total clinical score (sum of erythema, scaling and plaque thickness) one of the most bothersome symptoms of psoriasis. Due to its improved efficacy and positive impact on QoL, with no additional concerns about tolerability, Cal/BD aerosol foam is not just an improvement on previous formulations, but could also be considered a new stand-alone treatment.
CONCLUSIONS
Fixed-dose combination of corticosteroids and vitamin D analog has demonstrated superior efficacy over monotherapies with topical steroids in both preclinical and clinical studies, as well as in daily practice. Updated knowledge on the mechanism of action of the active ingredients demonstrates how combination treatment successfully and significantly inhibits active inflammation and supports the maintenance of a relapse-free state. The rationale for fixed-dose combination treatment is further supported by the fact that adverse events associated with corticosteroid and vitamin D analog monotherapy, such as skin atrophy and perilesional skin irritation, respectively, can be effectively minimized by combining the two active ingredients. Improved delivery of the active ingredients via innovative formulations, such as an aerosol foam, has shown improved clinical response and QoL, while providing patients with more therapeutic options suited to their lifestyle. Additional research is still required to understand how long-term maintenance of a disease-free state can be achieved in the clinical setting. For this reason, a randomized clinical trial with Cal/BD aerosol foam has recently been initiated to examine the long-term management of plaque psoriasis (PSO-LONG; NCT02899962).
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